cant correlation. Contingency tables are a powerful statistical method for investigating such multi-dimensional correlations between quantitative and qualitative data. The pattern of signals and phenomena, as well as the correlations between them, can then be used as input data for revealing the physical processes occurring within the volcano.
The Contingency Table
The contingency table is a method for analysing the statistical relationship between two or more variables which may be numerical values, qualitative descriptions, or a combination of the two (Taubenheim, 1969 , Chatfield, 1983 . As with all statistical tests, the result cannnot be an absolute proof, but rather a test whether a so-called "null hypothesis" can be excluded to some high probability. For the contingency table, we consider N observations, each characterized by two discrete random variables x = [x i , i = 1, k] and y = [y j , j = 1, l]. If one of the variables is continuous, its range of values must be divided into finite intervals determined by the variance of the data and its resolution. The number of observations with x and y each taking on a specific value, x = x i and y = y j is given by n ij . The variables x i , y j and n ij are arranged in a matrix called a contingency table for the observed data ( Figure 9 .1). The probabilities for x i and y j are p i and q j , respectively.
For the null hypothesis "The variables x and y are statistically independent", the probability for the simultaneous observation of x i and y j is given by the product p i q j . For N observations the expected number of observations with x = x i and y = y j , is then given by the product, m ij = Np i q j .
Replacing the observed numbers, n ij , in Figure 9 .1 with the expected numbers, m ij , gives the corresponding contingency table for the expected number of observations. If the probabilities p i and q j are unknown, they can be estimated from the data using the maximum-likelihood valueŝ
n ij (9.1)
The expected number of observations, m ij , can then be approximated using the estimated valuesm ij = Np iqj .
Since the probabilities are normalized to 1, there are k + l − 2 independent values. Replacing the numbers m ij in the expected contingency table with the estimated valuesm ij the observations can be tested against the expected contingency table determined by the null hypothesis using a chi-square test.
The chi-square test statistic u is given by the formula:
The test function u approximates a chi-square distribution, 
Thus, the chi-square test is used to accept or reject the null hypothesis. The test statistic is significant at level 1 − α, where α is usually 0.05 or 0.01, if
If the condition in equation (9.6) is met, the null hypothesis of statistical independence must be rejected. In this case the alternative hypothesis of statistical dependence is concluded to be true, accepting a probability error of the order of magnitude α. If
the test statistic is not significant at the level α. In this case the conclusion must be that the null hypothesis is not inconsistent with the test statistic, and the statistical independence of the variables or parameters cannot be ruled out. A quantitative measure of statistical independence between the observed and the expected contingency table can be determined by Pearson's contingency coefficient C:
If the variables are completely independent, C = 0, and if they are completely dependent, C = 1. The two variables, γ x and γ y are factors which normalize C to the interval [0,1]. They are determined from the number of intervals or classes into which the variables x and y have been divided or classified. Values for γ are given in Table 9 .1 (Brooks and Carruthers 1953) .
The construction and analysis of a 2 × 2 contingency table for two variables consists of five steps:
1. Categorize the two variables into a 2 × 2 matrix of a finite number of intervals or cells. The limits chosen for each cell depend on the required resolution and stability as well as on the number of observations. The cell "boundaries" may be numerical values for quantitative parameters or descriptions for nonparametric observations. 2. Determine the observed cell frequencies and estimate the column and row probabilities using Equations 9.1 and 9.2. 3. Estimate the expected cell frequencies using Equation 9.3 by assuming that the null hypothesis of statistical independence is true, 4. Perform a chi-square test to determine the statistical independence by comparing the observed and expected cell frequencies at a significance level α using Equations 9.4, 9.6 and 9.7. 5. Determine the contingency coefficient C as a quantitative measure of independence using Equation 9.8.
For more than two variables the 2 × 2 contingency table can be generalized to more dimensions.
Tornillos at Galeras volcano, Colombia
When, after years of quiescence, activity resumed at Galeras Volcano, Colombia, in 1989, the Observatorio Vulcanológico y Sismológico de Pasto (OVP) was founded to monitor the volcano, and a network of short period, vertical component seismometers with analog telemetry was installed to observe the seismicity (Gil-Cruz and Chouet 1997). An unusual tremor wavelet was found in the seismic records. These wavelets, christened tornillos from the Spanish word for screw, have sinusoidal waveforms and screw-like envelope profiles that can last for several minutes (Narváez et al. 1997 ). In the recordings of the vertical seismometers of the short period network of OVP, the tornillo signals appear simple and their spectra have only one, at most two, narrow peaks.
During the early 1990s, when tornillos were first observed, several ash eruptions occurred at Galeras Volcano. Using recordings from the shortperiod network, Narváez et al. (1997) determined basic signal parameters for each tornillo, such as its duration and the frequency of the main spectral peak. They also collected other observations such as the number of tornillos per day, and attempted to relate changes in these parameters to the occurrence of eruptions. Based on their observations, Narváez et al. (1997) concluded that tornillos were precursors to these explosions.
What causes these strange looking signals? Most models for the source mechanism are based on the tornillos' general signal characteristics, one narrow spectral peak at some frequency f 0 and the length of its long coda, described by a quality factor Q. In physics, narrow spectral peaks are produced by resonators and oscillators, so it is natural to assume that some subsystem within the volcano is a resonator, and that its occasional excitation produces the seismic waves we measure as tornillos. Initially, Gil-Cruz and Chouet (1997) proposed that the tornillos at Galeras might be generated by the resonance of a fluid-filled crack or dyke within the volcano. They represent the crack as a two-dimensional resonator, with the length and breadth determining the frequency of the resonance. The size of the crack and its contents were adjusted to give the observed frequency and Q value. More recently, Kumagai and Chouet (1999) have further developed these models, suggesting that changes in these two parameters indicate changes in the content of the crack. In contrast, Julian (1994) proposed that non-linear fluid flow in a dyke could produce volcanic tremor under some conditions and tornillo-like signals under others. describe tornillos, some having up to 15 narrow peaks in their spectra, recorded at Galeras Volcano by broadband, three-component seismometers. They show how narrowband vibrations can be generated by a Helmholz resonator, that is a volume resonator with a fundamental resonant frequency, f 0 , related to the volume of the cavity but not its shape. Overtones would be nonharmonic and which ones are present in the spectra would depend on the location within the cavitiy of the source exciting the resonance. An alternative would be some other physical system which could be described by a nonlinear Van-der-Pol differential equation . These studies all share a shortcoming. The parameters describing the model are adapted until they reflect and reproduce the parameters measured from the tornillos, f 0 and Q, and the model is "accepted" as being correct.
Since 1996, a joint project between the Bundesanstalt fűr Geowissenschaften und Rohstoffe (BGR, Germany) and the Instituto Colombiano de Geología y Minería (INGEOMINAS, Colombia) has supplemented the shortperiod network of the OVP with a multiparameter (MP) monitoring station . Most of the sensors for this station are in or near the crater (Figure 9 .2). Goals for the MP station include reducing the exposure of OVP personnel and other scientists studying the volcano to danger, and improving the quality and information content of the data. The data from the station are digital, available continuously and in realtime to improve monitoring capability. To encourage comparison between data from different instruments and joint analysis, the data from all sensors, except those of the gas system, have a single format and flow into a single viewing and recording system. Taken together, the seismometers, the infrasound and weather sensors, the gas chemistry sensors, the electrodes and magnetometers, and the occasional thermographic images provide a broad view into the volcanic processes at Galeras, a basis for investigating the physical and chemical processes which generate various tremor waveforms, and their significance in the sequence leading to ash eruptions.
The first element of the MP station, a three-component, broadband seismometer was installed on the crater rim of Galeras in March 1996, at CR2 (Figure 9.2) . Over the course of the following years, three further broadband, three-component seismometers were added, two along the crater rim (ANG and ACH) and one as a reference station five kilometers from the summit (OBO). Initial attempts to monitor fumaroles with a gas chromatograph and a mass spectrometer proved to use too much energy. Finally, a system of small, portable gas sensors was developed and deployed on Galeras' active cone . The sensors at and in Deformes fumarole (Figure 9 .2) monitor pressures and temperatures in and near the fumarole, as well as various components of the emissions, such as CO 2 , SO 2 and 222 Rn. Pressure and temperature are also monitored at Chavas fumarole on the west slope of the cone. The value at each sensor is sampled every 6 s, digitized in the field and transmitted by radio to OVP, where the values receive a time stamp and are recorded. The array of electromagnetic sensors (EM) are deployed within the crater close to the active cone (Figure 9 .2). Two perpendicular, 100 m long sensor lines with non-polarizable electrodes at each end measure the electric field at the surface in the east-west and north-south directions, while a horizontal loop measures the time derivative of the vertical magnetic field. At the same time a fluxgate magnetometer measures the three components of the magnetic field with a sensitivity of about 0.1 nT . These components of the MP station are augmented by an infrasound sensor and a weather station, both located at CR2 . Figure 9 .3 shows the recording of a tornillo from the broadband, threecomponent seismometer located at the station ANG, along with a spectrogram from the E component. The noise with periods between 10 s and 20 s and particularly large amplitudes on the N component is most likely due to the wind, while the smaller signals with periods of about 5 s on all three components are ocean microseisms. For this recording of the tornillo at ANG, the characteristic screw-like shape is most clearly apparent on the recording of the E component. In the digital, high dynamic range recordings with the broadband seismometers such as this, the tornillos appear to be more complex than in those from the short period network. They are multichromatic having narrow spectral peaks at up to ten, or even more, not necessarily harmonic frequencies.
Following the installation of the MP station, tornillos only occurred sporadically. Finally, a swarm of tornillos occurred at Galeras Volcano between 08 December 1999 and 12 February 2000 . Most of these tornillos had a narrow spectral peak between 1.4 Hz and 2.5 Hz, which we consider to be the fundamental frequency, f 0 . In addition, nearly all had one, or in many cases more, narrow-band spectral peaks at higher frequencies which are higher modes. These tornillos were recorded well at ANG and, after 05 January 2000, also at ACH. This swarm of tornillos offers an opportunity for statistical parameter analysis. One of the goals of this analysis is to investigate differences in the tornillos, in terms of which spectral peaks are present and determine whether their presence or absence is consistent with the hypothesis that the tornillos are produced by the resonance of a cavity in response to excitation by impulsive sources located at different positions within it.
Contingency table case studies
We apply contingency table analysis to 35 tornillo events from this swarm. For each of these tornillos, the recorded signals are superpositions of a fundamental mode having a frequency between 1.0 Hz and 2.5 Hz and one or, more often, more higher modes with frequencies up to 30 Hz. The starting point for this analysis using contingency tables is the observation that the frequencies of the higher modes which are present in two tornillos with nearly the same fundamental mode frequency can be very different. This observation is demonstrated in Figure 9 .4, where seismograms, spectrograms and moving-window amplitude spectra for three tornillos are displayed. These tornillos occurred on 16 December 1999, 08 January 2000 and 17 January 2000. The fundamental frequencies, f 0 , for these three tornillos are 1.80 Hz, 1.85 Hz, and 1.79 Hz, respectively. The persistent lines present at higher frequencies can be attributed to different higher modes. For example, the tornillo on 16 December 1999 has only one strong spectral line higher than the fundamental. It is in the band of the first mode, f 1 < 5 Hz, and has a frequency of 3.70 Hz. The second tornillo shown, recorded on 08 January 2000, has several higher mode peaks. One is in the band of the first mode, at 4.61 Hz, and two spectral lines are at higher frequencies, namely at 9.42 Hz and 10.71 Hz. The third tornillo example has no line in the first mode band, but does have spectral lines at 9.07 Hz and 10.07 Hz. We are interested in the correlations between the higher frequency peaks and the fundamental, because the way the excitation probabilities for different higher modes depend on the various bands of the fundamental frequency can give clues which will help in modelling the tornillo source as well as the excitation processes. Table 9 .2 is the contingency table for the simultaneous excitation of the fundamental mode and at least one higher mode in the band f 1 < 5 Hz for N = 35 tornillos. This is the band of the first higher mode. Based on a histogram of the fundamental frequencies the frequency range of the fundamental mode, f 0 = [1.4, 2.5] Hz, has been divided into three bands. These bands form the three rows of the table. The two columns in the left part of the table represent a "Yes" and a "No" column. For each band for the fundamental, the count in the "Yes" column gives the number of tornillos with at least one spectral line in the f 1 -band, and the count in the "No" column gives the number of tornillos without such a line. The right part ot the table contains the corresponding expected tornillo counts for the simultaneous occurrence of the fundamental and a line in the first mode band. These counts have been estimated based on the null hypothesis, that the excitations of the fundamental and the first higher mode are statistically independent. This hypothesis is tested by applying a chi-square test for all observed -expected cell pairs for two levels of significance, α = 0.01 and α = 0.05 using equation (9.4 .01 , we would clearly reject the null hypothesis, and accept the assumption that the probability of simultaneous excitation in these two bands is significant. However, u is only an estimate and we cannot be sure of its standard deviation. In this case more data could be useful for accepting or rejecting the null hypothesis at the level 0.01.
The chi-square test for Table 9 .2 has been performed for all cells of the table. It is a characteristic of contingency tables, compared to the usual total measures of ensemble statistics, that the influence of the various cells on the final result of the chi-square test can be estimated. In Table 9 .2, the first and the second row show a low joint-probability of excitation for the fundamental and the first higher mode, in contrast to the third band for which the two modes are clearly connected. Table 9 .3 shows the contingency table for the simultaneous excitation of the fundamental mode and at least one mode in the band 5 Hz < f 2 < 10. We assign this band to the second higher mode. For the significance level α = 0.01, u = 1.7 ≪ χ 2 0.01 = 9.21. Therefore, the null hypothesis cannot be rejected by the test, suggesting that the independence between the excitation of the fundamental and of the second higher mode is significant. This result agrees with the low value of the contingency coefficient C = 0.31.
The main result of these two contingency tables, Table 9 .2 and Table 9.3, is the inferrence of excitation coupling between the fundamental and the first two higher modes. This trend continues for increasing mode numbers. Figure 9 .5 shows the contingency table for the fundamental mode and all higher modes. In each cell, the counts of the observed (upper left) and the expected (lower right) number of spectral peaks are given. In the majority of the cells, both numbers are close together indicating an inherent independence between the various cells. The number of degrees of freedom is f deg = 9. The estimated chi-square has the value u = 16.0 For the significance level α = 0.01, u = 16.0 < χ 2 0.01 = 21.7, and the null hypothesis can not be rejected. In this case, the hypothesis cannot even be rejected at the weaker significance level α = 0.05, where u = 16.0 < χ 2 0.05 = 16.92. Thus, significant independence between the higher modes in indicated. This result agrees with the low value of the contingency coefficient C = 0.40.
Concluding Remarks
The contingency table is a very effective tool of multivariate statistics. It is a method which can be applied when it is necessary to test statistical relationships between variables. The method is therefore particularly suitable for the analysis of multiparameter data recorded at active volcanoes by an array of various geophysical and geochemical sensors, such as the multiparameter station operating at Galeras Volcano in Colombia . This modern concept of volcano monitoring requires the correlation of nonparametric descriptions of the visible activity with the quantitative multiparameter data.
The particularly useful characteristics of analysis using contingency tables are: 1) the ability to simultaneously analyse correlations between variables, 2) the possibility of generalizing from the most common, and relatively simple 2-by-2 contingency table to larger and more complex cases, and 3) the way that the use of contingency tables reveals incremental correlations between the individual cells of the table, and how these correlations contribute to the total measures of ensemble statistics.
We have demonstrated this method for a swarm of seismic tornillo signals recorded at Galeras Volcano. These signals are superpositions of different oscillating modes with narrow-band spectral peaks in characteristic frequency bands. The particular statistical problem to which contingency tables has been applied is the estimation of the probabilities for modecoupling effects as they depend on the order of the mode. The analysis shows that the joint probabilities for mode-coupling decrease with increasing mode number. This result confirms that source model assuming tornillos to be eigenvibrations of a fluid cavity resonator excited by internal randomly distributed pressure pulses is consistent with the observed frequencies .
The application of contingency tables is particularly suitable to cases where both qualitative and quantitative data must be analysed, and to cases where the correlation of qualitatively different quantitative parameters must be explored. This is true for the analysis of data from a system of instruments such as the multiparameter station at Galeras . Recently, the level of activity at Galeras has increased (Gomez et al. 2004) . Strong changes in the concentrations and temperature of gases at the fumaroles preceded an increase in the seismicity and a series of explosions and ash emissions. We intend to apply contingency table analysis to investigate the relationships between the various measured parameters in the time interval leading up to the explosions.
Further Reading
Both Chatfield (1983) and Taubenheim (1969) Moving window spectra for the east component for each of the tornillos to help discriminate between transient spectral peaks at the start of the tornillo and the long-lasting spectral peaks from which the tornillo (screw) takes its name. For each trace, the 30 s time window has been divided into two at the time given on the horizontal axis. The black trace shows the spectrum for the waveform to the right of the dividing time, and the grey trace the spectrum for the waveform to its left. For the first trace, the dividing time is 0 s, and there is no trace to the left and therefore no grey spectrum. 
